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(54) Method for operating fuel cells on impure fuels 



(57) The electrocatalysts in certain fuel cell systems 
can be poisoned by impurities in the fuel stream 
directed to the fuel cell anodes. Introducing a variable 
concentration of oxygen into the impure fuel stream 
supplied to the fuel cells can reduce or prevent poison- 
ing without excessive use of oxygen. The variation may 
be controlled based on the voltage of a carbon monox- 



ide sensitive sensor cell incorporated in the system. 
Further, the variation in oxygen concentration may be 
periodic or pulsed. A variable air bleed method is partic- 
ularly suitable for use in solid polymer fuel cell systems 
operating on fuel streams containing carbon monoxide. 
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Description 

Cross-Reference To Related Application 

[0001] This application is a related to and claims 
priority from U.S. Provisional Patent Application Serial 
No. 60/091,531 filed July 2, 1998, entitled "Sensor Cell 
For An Electrochemical Fuel Cell Stack". The '531 pro- 
visional application is incorporated herein by reference 
in its entirety. 

Field Of The Invention 

[0002] The present invention relates to methods for 
operating fuel cells on impure fuels. In particular, it 
relates to methods for substantially reducing the effect 
of or preventing carbon monoxide poisoning of fuel cell 
anode electrocatalysts by introduction of a variable con- 
centration of oxygen into the fuel stream. 

Background Of The Invention 

[0003] Electrochemical fuel cells convert reactants, 
namely fuel and oxidant, to generate electric power and 
reaction products. Electrochemical fuel cells generally 
employ an electrolyte disposed between two electrodes, 
namely a cathode and an anode. An electrocatalyst typ- 
ically induces the desired electrochemical reactions at 
the electrodes. In addition to electrocatalyst, the elec- 
trodes may also comprise a porous electrically conduc- 
tive sheet material, or "electrode substrate", upon which 
the electrocatalyst is deposited. The electrocatalyst 
may be a metal black, an alloy or a supported metal cat- 
alyst, for example, platinum on carbon. 
[0004] Solid polymer electrolyte fuel cells employ a 
membrane electrode assembly ("MEA") which com- 
prises a solid polymer electrolyte or ion-exchange mem- 
brane disposed between the two electrode layers. 
Separator plates, or flow field plates for directing the 
reactants across one surface of each electrode sub- 
strate, are disposed on each side of the MEA. Solid pol- 
ymer fuel cells operate at relatively low temperatures 
(circa 80°C) compared to other fuel cell types. 
[0005] A broad range of reactants can be used in 
electrochemical fuel cells. For example, the fuel stream 
may be substantially pure hydrogen gas, a gaseous 
hydrogen-containing reformate stream, or methanol in a 
direct methanol fuel cell. The oxidant may be, for exam- 
ple, substantially pure oxygen or a dilute oxygen stream 
such as air. 

[0006] The fuel stream may contain impurities that 
do not contribute to, and may actually inhibit, the 
desired electrochemical reaction. These impurities may, 
for example, originate from the fuel stream supply itself, 
or may be generated, for example, as intermediate spe- 
cies during the fuel cell reactions, or may be impurities 
entering the fuel stream from elsewhere in the system. 
Some of these impurities may be chemically adsorbed 



or physically deposited on the surface of the anode 
electrocatalyst, blocking the active electrocatalyst sites 
and preventing these portions of the anode electrocata- 
lyst from inducing the desired electrochemical fuel oxi- 

5 dation reaction. Such impurities are known as 
electrocatalyst "poisons" and their effect on electro- 
chemical fuel cells is known as "electrocatalyst poison- 
ing". Electrocatalyst poisoning thus results in reduced 
fuel cell performance, where fuel cell performance is 

10 defined as the voltage output from the cell for a given 
current density. Higher performance is associated with 
higher voltage for a given current density or higher cur- 
rent for a given voltage. 

[0007] In the absence of countermeasures, the 

15 adsorption or deposition of electrocatalyst poisons may 
be cumulative, so even minute concentrations of poi- 
sons in a fuel stream, may, over time, result in a degree 
of electrocatalyst poisoning which is detrimental to fuel 
cell performance. 

20 [0008] Reformate streams derived from hydrocar- 
bons or oxygenated hydrocarbons typically contain a 
high concentration of hydrogen fuel, but typically also 
contain electrocatalyst poisons such as carbon monox- 
ide. To reduce the effects of anode electrocatalyst poi- 

25 soning, it is known to pre-treat the fuel supply stream 
prior to directing it to the fuel cell. For example, pre- 
treatment methods may employ catalytic or other 
means to convert carbon monoxide to carbon dioxide. 
However, known pre-treatment means for reformate 

30 streams cannot efficiently remove 100% of the carbon 
monoxide. Even trace amounts less than 10 ppm can 
eventually result in electrocatalyst poisoning which 
causes a reduction in fuel cell performance. 
[0009] Substances other than carbon monoxide are 

35 also known to poison fuel cell electrocatalysts. Poisons 
may also be generated by the reaction of substances in 
the reactant streams with the fuel cell component mate- 
rials. For instance, carbon monoxide or other impurities 
can be generated from carbon dioxide in the presence 

40 of an electrocatalyst. This can occur when there is a rel- 
ative abundance of carbon dioxide and a relatively low 
concentration of carbon monoxide such chat equilibrium 
conditions favor some limited carbon monoxide forma- 
tion. What constitutes a poison may depend on the 

45 nature of the fuel cell. For example, whereas methanol 
is the fuel in a direct methanol fuel cell, in a hydrogen 
fuel cell operating on a methanol reformate stream, 
traces of unreformed methanol can be detrimental to 
the electrocatalyst performance. 

50 [0010] Conventional methods for addressing the 
problem of anode electrocacalyst poisoning include 
purging the anode with an inert gas such as nitrogen. 
However, such purging methods involve suspending the 
generation of power by the fuel cell, thus a secondary 

55 power source may be needed to provide power while 
the fuel cell anode is being purged. 
[001 1] Another approach for removing poisons from 
an electrocatalyst comprises introducing a "clean" fuel 
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stream containing substantially no carton monoxide or 
other poisons to a poisoned fuel cell anode. Where the 
adsorption is reversible, an equilibrium process may 
result in some rejuvenation of the electrocatalyst. How- 
ever, a disadvantage of this approach is that it is gener- 5 
ally not effective against irreversibly adsorbed poisons. 
Furthermore, the recovery of the anode electrocatalyst 
by such an equilibrium process can be very slow, during 
which time the fuel cell is not able to operate at full 
capacity. 10 
[0012] Another technique to counteract carbon 
monoxide electrocatalyst poisoning is to continuously 
introduce a low concentration of oxygen into the fuel 
stream upstream of the fuel cell, as disclosed in United 
States Patent No. 4,910,099. Therein, oxygen levels 15 
from about 2% to 6% were injected into fuel streams 
having carbon monoxide levels from about 100 to 500 
ppm. However, such an oxygen bleed into the fuel 
stream results in some consumption of hydrogen and 
hence a reduction in fuel efficiency. Further, an oxygen 20 
bleed results in undesirable localized exothermic reac- 
tions at the anode, particularly near the fuel inlet, which 
may damage fuel cell membranes and reduce fuel cell 
lifetime. Further still, since in practice oxygen bleed is 
typically obtained by compressing air (it is often drawn 25 
from a compressed air stream provided as a fuel cell 
oxidant), use of an oxygen bleed may result in an addi- 
tional parasitic load on a fuel cell system. Thus, the use 
of an excessive amount of oxygen bleed is undesirable. 
[0013] To efficiently and effectively counteract car- 30 
bon monoxide poisoning, it is desirable to know the 
approximate concentration of carbon monoxide in the 
fuel stream. However, directly measuring the concentra- 
tion of carbon monoxide in a fuel stream can be difficult 
in practice. Thus, while a sensor for directly measuring 35 
carbon monoxide is desirable in a fuel cell system, often 
the concentration is inferred based on the known oper- 
ating conditions of the fuel cell system (e.g., carbon 
monoxide concentrations can be determined under var- 
ious operating conditions in a laboratory and can then 40 
be inferred for a fuel cell system operating under similar 
conditions in actual use). While many early fuel cell 
applications may have had relatively constant operating 
conditions and therefore relatively consistent levels of 
carbon monoxide in the fuel stream, the potential appli- 45 
cations for fuel cells are expanding. As a result, the car- 
bon monoxide concentration in the fuel streams now 
tends to vary for many reasons (e.g., depending on 
reformer temperature, or fuel ceil and/or reformer load 
demand conditions) so 
[0014] A low output voltage from one or more of the 
fuel cells in a fuel cell system might be used as an indi- 
cator of carbon monoxide poisoning. Preferably per- 
haps, a sensor cell might be incorporated in the fuel cell 
system for this purpose. As described in U.S. Provi- 55 
sional Patent Application Serial No. 60/091,531 filed 
July 2, 1998, by the same applicant as the present 
application and previously incorporated herein by refer- 
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ence in its entirety, a sensor cell can be incorporated 
whose performance is more sensitive to carbon monox- 
ide poisoning than other fuel cells in the fuel cell system. 
Thus, a sensor cell can be used to indicate an abnormal 
or undesirable operating condition (e.g., high level or 
CO) before it affects the performance of the other fuel 
cells. 

[0015] U.S. Patent Application Serial No. 
08/998,133, filed December 23, 1997, by the same 
applicant as the present application, discloses a fuel cell 
operating method in which a substantially fuel-free liq- 
uid (which may contain oxygen) is periodically intro- 
duced into the fuel stream in order to cause a fuel 
starved condition. 

Summary of the Invention 

[0016] Introducing a variable concentration of oxy- 
gen into an impure fuel stream can be advantageous for 
the removal of fuel stream impurities. If oxygen is intro- 
duced in accordance with the impurity level in the fuel 
stream, fuel losses, localized heating, and parasitic 
losses can be reduced. Further, a method involving a 
periodic or intermittent introduction or oxygen has been 
shown to be effective to remove impurities using a 
smaller integrated amount of oxygen than a method 
involving a constant introduction of oxygen. 
[0017] These advantages may be obtained in a fuel 
cell system which includes a fuel cell operating on a 
stream of impure fuel supplied to the fuel cell, and which 
includes a mechanism for introducing oxygen into the 
fuel stream for reaction with an impurity in the fuel 
stream within the fuel cell. The method is particularly 
suitable for use in systems comprising solid polymer 
fuel cells that operate at relatively low temperatures. 
[0018] It can be advantageous to vary the concen- 
tration of oxygen introduced in accordance with a fuel 
cell system operating characteristic indicative of the 
concentration of the impurity. Suitable operating charac- 
teristics for this purpose include the voltage of a sensor 
fuel cell incorporated in the system that is sensitive to a 
particular impurity, or the concentration of an impurity 
monitored or measured by an impurity sensor located 
somewhere in the fuel stream. Additionally, other suita- 
ble operating characteristics include the voltage of 
another fuel cell in the system, the voltage drop across 
a part of a cell (e.g., the voltage differential between 
parts of a cell associated with a partial length of a flow 
field), and the temperature of a component of the fuel 
cell system (e.g., the temperature of a reformer). The 
concentration of oxygen introduced into the fuel stream 
is desirably adjusted in response to measured or moni- 
tored variations in one or more of these operating char- 
acteristics. 

[0019] In principle, it can also be advantageous to 
vary the amount of oxygen introduced into the fuel 
stream independently of the operating state of the fuel 
cell system. For instance, it can be advantageous to 
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introduce oxygen into the fuel stream periodically, such 
as in a series of periodic pulses rather than in a contin- 
uous (steady state) manner. This technique results in a 
similar removal of impurities, but using a smaller total 
amount of oxygen. It is particularly preferred to also vary 5 
the concentration of oxygen introduced in accordance 
with a fuel cell system operating characteristic indicative 
of the concentration of the impurity. 
[0020] A periodic or cyclic variation in the concen- 
tration of oxygen introduced into the fuel stream can be 10 
characterized by a waveform (e.g., sinusoidal, saw- 
tooth, square wave pulse). Further, the concentration of 
oxygen introduced can be varied cyclically but also in 
proportion to an operating characteristic of the fuel cell 
system indicative of impurity concentration, such as in a 15 
series of pulses whose number or amplitude vary in pro- 
portion to an impurity concentration detected. 
[0021] The method is particularly suitable for sub- 
stantially reducing the effect of or preventing carbon 
monoxide poisoning of an anode electrocatalyst, 20 
although similar benefits can be expected with regards 
to poisons originating from carbon dioxide or other oxi- 
dizable impurities. The method is effective when the fuel 
stream comprises at least up to about 1000 ppm carbon 
monoxide. 25 
[0022] In the preceding, oxygen introduced may be 
substantially pure oxygen, in a dilute oxygen stream 
such as air, in an oxygen containing solution, or gener- 
ated in-situ from a suitable compound such as hydrogen 
peroxide. In a preferred embodiment of the method, for 30 
use with fuel streams comprising carbon monoxide 
impurity, less than about 4% air by volume is introduced 
in periodic pulses. The period of the pulses may be in 
the range from about 1 to 50 seconds. The pulse dura- 
tion or width may be less than about half the period of 35 
the pulses. In addition to such periodic pulses of air, a 
steady baseline concentration of air bleed (for instance 
less than about 0.8% by volume of the fuel stream) may 
be maintained in the fuel stream between pulses. In this 
way, some lower level of oxygen bleed is maintained at 40 
all times for baseline carbon monoxide scavenging or 
for purposes of carbon dioxide scavenging. 
[0023] Embodiments of the methods described 
above can substantially reduce the effect of electrocata- 
lyst poisoning without substantially affecting the electri- 45 
cal output of the fuel cells in the system. As long as a 
sufficient concentration of fuel is maintained in the fuel 
stream, temporary fuel starvation can be generally 
avoided. Fuel starvation occurs when the fuel stoichi- 
ometry (the ratio of the amount of fuel supplied to the so 
amount of fuel actually consumed in the electrochemi- 
cal reactions) is less than 1 and is characterized by a 
rise in the anode voltage in the system fuel cells, possi- 
bly resulting in fuel cell reversal in some cells (i.e., 
where the cell voltage goes below zero). 55 
[0024] To carry out embodiments of the above 
method, a mechanism is included in the fuel cell system 
for introducing a variable amount of oxygen into the fuel 



stream for reaction with an impurity in the fuel stream 
within the fuel cell. The oxygen introducing mechanism 
can comprise, for example, a flow controller for periodi- 
cally introducing pulses of oxygen into the fuel stream. 
Further, the system can comprise one or more monitor- 
ing devices for monitoring a fuel cell operating charac- 
teristic, such as those described above, and a controller 
responsive to the monitoring device for adjusting the 
concentration of oxygen introduced into the fuel stream. 
The monitoring device may preferably comprise a sen- 
sor fuel cell. 

Brief Description of the Drawings 
[0025] 

FIG. 1 is a schematic diagram of a solid polymer 
fuel cell system comprising a reformer, a variable 
air bleed flow controller, and a carbon monoxide 
sensor cell. 

FIG. 2 is a plot showing the voltage of a represent- 
ative fuel cell and a sensor cell versus time when 
200 ppm carbon monoxide is introduced into the 
fuel stream. 

FIGs. 3a and 3b are plots showing the voltage of a 
representative fuel cell and a sensor cell versus 
time at different current densities and exposed to a 
fuel stream with varied carbon monoxide levels to 
illustrate how the sensor cell may be used to trigger 
a variable air bleed. 

FIG. 3c is a plot showing the voltage of a represent- 
ative fuel cell and a sensor cell versus time in a sys- 
tem in which the sensor cell is used to trigger the 
introduction of a series of air bleed pulses into the 
fuel stream in response to a transient increase in 
carbon monoxide level. 

FIG. 4 is a plot showing the voltage of a represent- 
ative fuel cell and a sensor cell versus time in a sys- 
tem in which the sensor cell is used to trigger the 
introduction of a series of air bleed pulses in 
response to a carbon monoxide level of 100 ppm. 
FIG. 5 is a plot showing the voltage of a represent- 
ative fuel cell versus average air bleed concentra- 
tion in which the air bleed was either pulsed or 
constant. 

Detailed Description of the Preferred Embodiments 

[0026] A preferred embodiment of a fuel cell system 
equipped to introduce a variable amount of oxygen into 
the fuel stream directed to the fuel cells in the system is 
shown in the schematic diagram of FIG. 1 . The system 
comprises a solid polymer fuel cell stack 1 and a fuel 
processor 2 comprising a reformer. A supply of fuel 3 
(e.g., methanol) provides feedstock to the reformer. The 
fuel is reformed and processed, generating a hydrogen 
rich but impure fuel stream comprising a significant con- 
centration of carbon monoxide impurity. The impure fuel 
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stream is supplied to the fuel inlet 5 of the fuel cell stack 
1. A supply of oxidant 4 (e.g., compressed air) is sup- 
plied to the oxidant inlet 6 of the fuel cell stack 1 . As 
depicted, the fuel and oxidant streams supplied to the 
fuel cell stack 1 are exhausted at fuel and oxidant out- 5 
lets 7 and 8 respectively. The system also comprises an 
oxygen supply and a flow controller 10 for introducing a 
variable amount of oxygen into the fuel stream 
upstream of the fuel cell stack at 1 1 . For simplicity, the 
oxygen supply is preferably air, obtained via a bleed line 
9 branching off the oxidant stream supplied to the fuel 
cell stack 1. As depicted, the system also comprises a 
sensor cell 12 whose voltage output or performance is 
particularly sensitive to carbon monoxide. Sensor cell 
12 is preferably situated within the fuel cell stack 1. 
Thus, sensor cell 12 effectively monitors the carbon 
monoxide level in the fuel stream directed to stack 1. 
The voltage of the sensor cell 12 is then used as a sig- 
nal to adjust flow controller 10. 
[0027] Flow controller 1 0 controls the concentration 
of air introduced into the fuel scream. Flow controller 10 
comprises a flow control valve having an opening that is 
variable in accordance with the signal from sensor cell 
12 and with the desired bleed method (e.g., pulsed or 
other waveform, proportional, or combinations thereof). 
For example, the ratio of the sensor cell voltage to the 
average voltage of fuel cells in the stack may be used to 
trigger an air bleed pulse. The timing of an air bleed 
pulse and the concentration of air introduced will 
depend on the characteristics and operation of the sen- 
sor cell and the fuel cell stack. Also, depending on the 
operation of the fuel cell system, it may be necessary to 
monitor certain other system parameters to achieve this 
control. For example, if the fuel stream flow rate is vari- 
able (which it typically is), then the amount of air to be 
introduced will also be a function of that, if a particular 
concentration is to be maintained. Thus, the fuel stream 
flow rate may need to be monitored and used as an 
input to flow controller 10. Flow controller 10 may com- 
prise a processor for processing multiple input signals 
to determine a desired setting for a flow control valve. 
Those skilled in the art may readily determine a suitable 
configuration of conventional flow controllers and/or 
parameter measuring devices for a specific fuel cell sys- 
tem application. 

[0028] In this embodiment then, flow controller 10 
can be used to adjust the amount of air bleed in accord- 
ance with the concentration of carbon monoxide enter- 
ing the fuel cell stack 1. In systems where the carbon 
monoxide level varies significantly, the air bleed can 
thus be adjusted to reduce or eliminate the effect of car- 
bon monoxide poisoning without using an excess of 
introduced air. The ability to adjust air bleed is particu- 
larly beneficial during start-up of many reformers where 
higher levels of carbon monoxide are typically pro- 
duced, or during rapidly varying fuel cell loads where 
the reformer output needs to respond to transient load 
increases and the quality of the fuel stream may vary. 



[0029] In addition, flow controller 10 can be used to 
introduce air in a periodic or cyclic fashion. For example, 
a programmable flow controller can be programmed to 
admit air according to some programmed waveform 
(e.g., sinusoidal, sawtooth, square wave). Alternatively, 
a flow controller that oscillates between two or more dif- 
ferent states (e.g. open/closed) as determined by some 
measured input can effectively introduce air in periodic 
fashion (as in the periodic air pulses shown in FIG. 4 fol- 
lowing). This feature is beneficial since enhanced reac- 
tivity of impurities can occur on electrocatatysts during 
periodic operation as opposed to steady state opera- 
tion. Particularly, the reaction of carbon monoxide and 
oxygen can be enhanced on platinum type electrocata- 
lysts. By introducing air in a periodic fashion, it is possi- 
ble to mitigate the effect of carbon monoxide poisoning 
using less oxygen than would otherwise be required 
when introducing a constant concentration of air. There- 
fore, while the system in FIG. 1 represents a preferred 
embodiment, a benefit can be obtained even when the 
flow controller 10 operates independently of any system 
characteristic (e.g., independent of sensor cell 12). With 
a periodic introduction of air, less oxygen needs to be 
introduced to mitigate the effect of carbon monoxide 
poisoning to the same extent. Thus, such a system can 
also achieve improved performance over that obtained 
with a constant air bleed. 

[0030] If the air bleed is introduced independently 
or the concentration of impurity present, a suitable 
pulsed air bleed system can be quite simple in principle. 
Byway of example, the flow controller 10 in FIG. 1 might 
comprise a check valve in a system employing flow 
reversal of the oxidant stream (as described in U.S. Pat- 
ent Application Serial No. 08/980,496, filed December 
1, 1997, by the same applicant as the present applica- 
tion). With oxidant flow reversal, the oxidant flow direc- 
tion through the fuel cells reverses periodically (i.e., inlet 
6 and outlet 8 periodically become outlet 6 and inlet 8 in 
FIG. 1) and the line supplying inlet 6 undergoes a high 
and low pressure cycle with each reversal. The check 
valve and bleed line geometry 9 could be set to give a 
specific oxidant bleed into the fuel line during the high 
pressure part of the cycle in the line supplying inlet 6 
and to give no oxidant bleed during the low pressure 
part of the cycle. In this example, it may be desirable to 
incorporate means for controlling the amount of oxygen 
introduced during the high pressure part of the cycle. 
[0031] Nonetheless, a particularly preferred air 
bleed method involves the periodic introduction of air in 
accordance with a measurement indicative of the con- 
centration of impurity present. The use of a series of 
pulses is a convenient way of introducing a given 
amount of air in a periodic fashion. The amount of air 
admitted to the fuel stream at any given time is deter- 
mined by the amplitude of a pulse. The total amount of 
air admitted over a given time period however is deter- 
mined by the amplitude, width, and frequency of pulses. 
The preferred set of pulse characteristics can be 
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expected to vary somewhat depending on the fuel cell 
system. For instance, depending on the reaction kinet- 
ics and heat transfer characteristics in specific fuel cells, 
it may be advantageous to employ pulse amplitudes 
that are greater than conventional air bleed levels with- 5 
out making localized heating significantly worse. None- 
theless, when the pulse amplitude is less than or equal 
to constant conventional air bleed levels, temporary 
localized temperature increases may be reduced and 
temporary fuel starvation in the fuel cell stack may be 10 
avoided. Conversely however, the pulse amplitude is 
preferably not so small that oxidation of the impurity is 
not complete. 

[0032] The following examples have been included 
to illustrate different embodiments and aspects of the 15 
invention but these should not be construed as limiting 
in any way. For instance, while the variable oxygen intro- 
duction method is particularly advantageous for use in 
substantially reducing the effect of or preventing carbon 
monoxide poisoning in solid polymer fuel cells, the 20 
method may also be effective with other impurities, such 
as carbon dioxide or methanol, in these or other types of 
fuel cells. 

Examples 25 

[0033] A fuel cell system for test purposes was con- 
figured generally as outlined in FIG. 1 and the preceding 
description. The fuel cell stack consisted of a number of 
conventional solid polymer fuel cells and a sensor cell. 30 
The membrane electrode assemblies in the conven- 
tional cells employed a cathode and anode having plat- 
inum and platinum-ruthenium electrocatalysts, 
respectively, applied to porous carbon fiber paper sub- 
strates (TGP-090 grade from Toray), and a Nafion™ 35 
solid polymer membrane. The sensor cell was con- 
structed to be sensitive to carbon monoxide as 
described in the aforementioned U.S. Provisional Patent 
Application Serial No. 60/091,531, and differs from the 
conventional fuel cells primarily in the choice of electro- 40 
catalyst and the ionomer loading used in the anode. The 
sensor cell employed a platinum black electrocatalyst 
loaded at about 1 mg/cm 2 and about a 40% ionomer 
loading (approximately twice that of the conventional 
fuel cells). 45 
[0034] The fuel supply used was a humidified gas 
comprising about 63% hydrogen, 20% carbon dioxide, 
17% nitrogen and varied concentrations of carbon mon- 
oxide impurity as indicated in the following. Fuel was 
supplied at a pressure of about 23 psig and with a stoi- so 
chiometry (i.e., the ratio of the amount of fuel supplied to 
the amount of fuel actually consumed in the electro- 
chemical reactions) of about 1 .2. The oxidant used was 
air at a pressure of about 23 psig and with a stoichiom- 
etry of about 1 .5. The fuel cell stack was operated at 55 
approximately 75°C and at current densities as indi- 
cated below. FIG. 2 shows the voltage of a representa- 
tive conventional fuel cell ("FC") and the sensor cell 
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("SC") versus time at a current density of 500 mA/cm 2 
when 200 PPM carbon monoxide was introduced into 
the fuel stream. Also shown in this FIG. is the carbon 
monoxide level as determined by an infrared carbon 
monoxide sensor located upstream or the humidifier in 
the fuel inlet of the stack. No air bleed was used in this 
comparative example. Initially (time=0) , the voltages of 
the representative fuel and sensor cells are about 0.7 
and 0.6 volts respectively. With the introduction of car- 
bon monoxide in the fuel stream, the voltage of both 
ceils dropped substantially, although the sensor cell 
reacted much more quickly and adversely to the pres- 
ence of carbon monoxide. This example shows the 
adverse effect of carbon monoxide on fuel cell perform- 
ance and also demonstrates the effectiveness of the 
sensor cell in early detection of carbon monoxide con- 
tamination. 

[0035] The performance was then restored by intro- 
ducing 4% air (by volume) into the fuel stream to oxidize 
carbon monoxide in the cells. The flow controller was 
then set so as to introduce a baseline level of 0.8% air 
into the fuel stream that would increase to a 4% air 
bleed level if the sensor cell voltage fell more than 100 
mV. FIG. 3a shows voltages of the representative fuel 
cell, FC, and the sensor cell, SC, versus time (t) at a cur- 
rent density of 500 mA/cm 2 . (In FIG. 3a, the time axis 
origin, t=0, is located 25 seconds after data collection 
starts.) The carbon monoxide concentration is also 
shown. Initially, a baseline level of 2 ppm carbon monox- 
ide was introduced into the fuel stream. The initial volt- 
ages of each cell were thus not quite the same as those 
in FIG. 2 due to the presence of carbon monoxide and 
air bleed. At t=0 seconds, the carbon monoxide level 
was increased to approximately 100 ppm. At about t=30 
seconds, the sensor cell voltage dropped sufficiently to 
trigger the flow controller, thereby increasing the air 
bleed level to 4%. The sensor cell voltage can be seen 
to recover somewhat thereafter. The voltage of the rep- 
resentative fuel ceil however is essentially stable over 
this whole period. Thus, using the sensor cell, it is pos- 
sible to actually prevent carbon monoxide from 
adversely affecting performance of the conventional 
cells in the system. 

[0036] FIG. 3b shows the results of a similar test 
except the cells were operated at a current density of 
100 mA/cm 2 and the carbon monoxide level was 
increased to 400 ppm (instead of 100 ppm). The plot 
shown in FIG. 3b begins (i.e. t=0) at the point when the 
carbon monoxide level was increased from 2 to 400 
ppm carbon monoxide. Again, the sensor cell triggers at 
about t=44 seconds, raising the air bleed level from 
0.8% to 4%, and thereby maintaining the voltage of the 
representative fuel cell. 

[0037] FIG. 3c shows the results of a similar test 
except the cells were operated at a current density of 
500 mA/cm 2 and the carbon monoxide level was first 
increased to 40 ppm at t=0 seconds and then 
decreased again to 2 ppm at about t=635 seconds. (In 
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FIG. 3c, the time axis origin, t=0 t is also located 25 sec- 
onds after data collection starts.) The state of the flow 
controller (i.e. air bleed level) versus time is also shown 
schematically in FIG. 3c. Under these conditions, the 
sensor cell voltage first dropped over 100 mV thereby 5 
triggering an increase in air bleed. However, the sensor 
cell voltage then recovered after 30 seconds thereby 
triggering a return to the baseline air bleed level. Even- 
tually, about 40 seconds later, the sensor cell voltage 
again dropped to trigger the increased air bleed level 10 
and these pulses continued until the carbon monoxide 
concentration was reduced from 40 ppm back to 2 ppm. 
The net result of this oscillation is that the air bleed was 
supplied in a pulsed, periodic manner during the period 
of high carbon monoxide concentration in the stream. 15 
Again, the voltage of the representative fuel cell was 
maintained throughout. These results show that a varia- 
ble air bleed method, which uses the output of a sensor 
cell for control, can be effective in practice to deal with 
varying levels of carbon monoxide in the fuel stream of 20 
an operating fuel cell. 

[0038] Another test was performed as above except 
that the flow controller was set so as to introduce a 
baseline level of 0% air (none) into the fuel stream and 
to increase it to a 4% air bleed level if the sensor cell 25 
voltage fell below 350 mV. FIG. 4 shows voltages of the 
representative fuel cell and the sensor cell versus time 
(t) at an operating current density of 500 mA/cm 2 with a 
substantially constant 100 ppm level of carbon monox- 
ide in the fuel stream over the period shown. Also 30 
shown schematically is the state of the flow controller 
versus time. As in FIG. 3c, the sensor cell voltage and 
the state of the flow controller oscillate, resulting in the 
introduction of a series of pulses of air into the fuel 
stream. Throughout, the voltage of the representative 35 
fuel cell remains essentially constant. The pulse width 
or duration of the air bleed was slightly less than half the 
oscillation period. Since air is approximately 20% oxy- 
gen, the pulsed air bleed in FIG. 4 was roughly equiva- 
lent to the continuous introduction of about 0.4% 40 
oxygen over the time period shown. This appears to 
prevent poisoning in conventional fuel cells operating on 
fuel streams containing at least up to 100 ppm carbon 
monoxide. However, in the aforementioned U.S. Patent 
No. 4,910,099, it appears that over 2% oxygen is 45 
required to prevent poisoning from 100 ppm carbon 
monoxide. 

[0039] Finally, a test was performed to compare fuel 
cell performance versus air bleed concentration when 
an air bleed was introduced either in a series of pulses so 
or at a conventional constant concentration. A fuel cell 
stack similar to the preceding stack was used, but with- 
out a sensor cell. The fuel cell stack was operated as 
above at a current density of 500 mA/cm 2 and with a 
constant 40 ppm carbon monoxide impurity in the fuel 55 
stream. Initially, no air bleed was employed. The system 
was allowed to run for about 1 5 minutes and the voltage 
of a representative fuel cell in the stack was recorded. 
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Air was then introduced in square wave pulses with a 
pulse duration of 5 seconds and a period of 10 seconds 
(i.e., 5 seconds on, 5 seconds off). No air was intro- 
duced between pulses. The air bleed concentration was 
increased in discrete steps, and each time after running 
for about 1 5 minutes, the voltage of the representative 
fuel cell was again recorded. The air bleed was then 
stopped and the test was repeated using constant con- 
centrations of air bleed. FIG. 5 shows a plot of the volt- 
age of the representative fuel cell versus average air 
bleed % with pulsed air bleed ("P") and with constant air 
bleed ( tt C). (In this example, the average % air bleed 
concentration in the pulsed trial is thus approximately 
half the concentration during a pulse.) As can readily be 
seen in FIG. 5, less air is required to obtain a given cell 
voltage (i.e., a given performance) using pulsed rather 
than constant air bleed. 

[0040] While particular elements, embodiments 
and applications of the present invention have been 
shown and described, it will be understood, of course, 
that the invention is not limited thereto since modifica- 
tions may be made by those skilled in the art without 
departing from the spirit and scope of the present dis- 
closure, particularly in light of the foregoing teachings. 

Claims 

1. A method of operating a fuel cell system on an 
impure fuel, said system including at least one fuel 
cell, a stream of said impure fuel supplied to said 
fuel cell, and a mechanism for introducing oxygen 
into said fuel stream for reaction with an impurity in 
said fuel stream within said fuel cell, said method 
comprising introducing a variable concentration of 
oxygen into said fuel stream periodically and/or in 
accordance with at least one fuel cell system oper- 
ating characteristic indicative of the concentration 
of said impurity in said fuel stream. 

2. The method of claim 1 wherein said fuel cell system 
further comprises a sensor fuel cell and said at 
least one operating characteristic comprises the 
voltage of said sensor fuel cell. 

3. The method of claim 1 wherein said fuel cell system 
further comprises an impurity sensor for monitoring 
the concentration of said impurity in said fuel 
stream and said at least one operating characteris- 
tic comprises said concentration of said impurity 
detected by said impurity sensor. 

4. The method of claim 1 wherein said at least one 
operating characteristic is selected from the group 
consisting of the voltage of a fuel cell in said sys- 
tem, the voltage drop across a part of a fuel cell in 
said system, and the temperature of a component 
in said system. 
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5. The method of any of claims 1 to 4, wherein said 
concentration of oxygen introduced into said 
impure fuel stream is varied in proportion to said at 
least one operating characteristic. 

6. The method of any of claims 1 to 5 wherein said 
impurity comprises carbon monoxide. 

7. The method of claim 6 wherein said fuel stream 
comprises up to about 1000ppm carbon monoxide. 

8. The method of any of claims 1 to 5 wherein said 
impurity comprises carbon dioxide. 

9. The method of any of claims 1 to 8 wherein said 
oxygen is introduced into said impure fuel stream in 
a series of periodic pulses. 

10. The method of claim 9 wherein the period of the 
pulses is in the range from about 1 to 50 seconds. 

1 1 . The method of claim 9 or 1 0 wherein said oxygen is 
introduced into said impure fuel stream in a series 
of periodic pulses of air. 

12. The method of claim 11 wherein the concentration 
of air introduced into said fuel stream during said 
periodic pulses is less than about 4% by volume of 
said fuel stream. 

13. The method of claim 11 or 12 wherein a substan- 
tially continous baseline concentration of air is intro- 
duced into said fuel stream between said periodic 
pulses of air. 

14. The method of claim 13 wherein said baseline con- 
centration of air is less than about 0,8% by volume 
of said fuel stream. 



within said fuel cell; and a monitoring device for 
monitoring a fuel cell operating characteristic 
indicative of the concentration of said impurity 
in said fuel stream; and 
5 - a flow controller responsive to the monitoring 
device for adjusting said oxygen concentration 
in response to said monitored operating char- 
acteristic. 

10 19. The fuel cell system of claim 18 wherein said moni- 
toring device comprises a sensor fuel cell. 

20. The fuel cell system of claim 18 or 19 further com- 
prising a mechanism for maintaining a sufficient 

15 amount of fuel in said impure fuel stream such that 
the fuel stoichiometry is greater than or equal to 1 . 

21. A fuel cell system comprising: 

20 - at least one fuel cell; 

a source of an impure fuel stream for supply to 
said fuel cell; and 

a mechanism for introducing a variable concen- 
tration of oxygen into said impure fuel stream 
25 for reaction with an impurity in said fuel stream 

within said fuel cell wherein said oxygen intro- 
ducing mechanism comprises a flow controller 
for periodically introducing oxygen into said 
fuel stream. 

30 



35 



15. The method of any of claims 9 to 14 wherein the 40 
duration of said periodic pulses is less than about 
half the period. 

16. The method of any of claims 1 to 1 5 wherein said at 
least one fuel cell is a solid polymer fuel cell. 45 



17. The method of any of claims 1 to 16 further com- 
prising maintaining the fuel stoichiometry in said 
fuel cell at greater than or equal to 1 . 

18. A fuel cell system comprising: 



50 



at least one fuel cell; 

a source of an impure fuel stream for supply to 
said fuel cell; 55 
a mechanism for introducing a variable concen- 
tration of oxygen into said impure fuel stream 
for reaction with an impurity in said fuel stream 
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